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Production of Scintillation Particle Detectors
With Stereolithography-Based 3D Printing
By Aleksandr Sinilov; Adviser: Dr. Elena Long, Co-Adviser: Dr. Michael Briggs

Abstract
My research is to design and directly 3D print scintillator detectors. One of my
main tasks was to figure out how to make test pieces as transparent as possible by
sanding, cerium oxide polishing, and coating in resin. I’ve also designed and 3D printed a
completely opaque cylindrical case for the photomultiplier tube (PMT). The PMT is
capable of detecting light coming from a scintillator attached to its lens on a single
photon level. That makes it extremely sensitive to light, so it must operate in a
completely lightproof environment. I also determined ideal conditions under which resins
with different amounts of scintillating ingredients can be mixed and printed. The key is to
find a good temperature at which scintillating materials stay fully dissolved and don’t
recrystallize so that a scintillator can be printed, but that is not too high. This allows me
to 3D print liquid resin, but also ensures the resin doesn’t decompose from overheating.
The next step of my research is mixing different recipes and 3D printing them to optimize
for maximum detection efficiency.

Background
One of the most important advances for modern experimental nuclear physics is
scintillation-based detectors. Scintillators measure high-energy charged particles, which
cause the material to fluoresce. Scintillators were some of the earliest types of particle
detectors. In fact, Wilhelm Röntgen, known for discovering x-rays in 1895, also ended up
accidently discovering scintillation effect in some platino-barium cyanide crystals as they
began to glow from the emitted radiation [1]. These materials come in different types:
mostly organic crystals, organic liquids, plastic, inorganic crystals, and gaseous.
Scintillators are now not only widely used in nuclear physics research as major detecting
elements in complicated particle and radiation detectors, but also in medical devices such
as the PET or CT scanner (see Figure 1), as x-ray detectors in airport security machines,
nuclear cameras, to measure radioactive contamination, etc. [2]. Different types of
scintillators are used for these and other purposes, depending on need. The focus of my
research, however, was on the production of the plastic-type scintillators, as they are by
far the easiest to produce and can be made into almost any complicated shape as needed
for the nuclear physics experiments.
In general, most plastic organic scintillators are made by dissolving the primary
fluorescent emitter, such as naphthalene or PPO, in a liquid polymer matrix before
polymerization processes sets everything in place [2]. These detectors must be optically
clear so that the fluoresced light can be detected by a photomultiplier tube, which
converts the signal into an electrical output that can be read out by a computer. The way
the light is initially produced though is, in the basics, through the process of electron

excitation. Energy from charged particles is absorbed and excites the electrons into a
variety of excited states [3]. The electrons, in general, then drop back down to the initial
ground state, releasing a photon of light with energy corresponding to the energy level
from which they dropped. The greater the drop gap, the higher the energy and frequency
of an emitted photon, as dictated by the Planck-Einstein relation (E = hf). Many photons
are emitted simultaneously, all at varying frequencies, causing the entire material to
fluoresce. The way this light can then be picked up and converted into signal by the PMT
is mostly though the photoelectric effect. The photons emitted by the scintillator interact
with the photocathode to eject low-energy electrons into the vacuum of the PMT [3], and
are then accelerated by high voltage to be eventually turned into sufficient enough current
to be detected my an oscilloscope (see the Methods section for information on the PMT).

Figure 1 - bismuth germinate scintillator glowing
from gamma ray exposure. This type of scintillator is
typically used in PET scanners.

Motivation
Conventional plastic scintillators are typically manufactured by either casting of a resin
and hardener combination, or by extrusion of a molten scintillator (see Figure 3 below)
[4]. The cast or extruded scintillators are then machined to the required geometry using
standard machining techniques [4]. The major issue with standard manufacturing of
plastic scintillators is that it is a very costly and time-consuming process. According to
one study [4], it takes about 2 weeks for the polymerization (or hardening) to occur, and
then the material still needs to be extruded or molded, and then machined into shape.
Depending on the complexity of the shape, and complex shapes are often required for
nuclear target experiments, machining can be a long and expensive process, especially
considering how precise some detector pieces have to be. Therefore, the main goal of this
research is to determine the best way to directly 3D print scintillators using liquid resin
stereolithography-based 3D printing, which has promise to be a much faster and
economically efficient way of producing plastic polymer-based scintillators. The way this
type of printing works is similar to the way general Stereolithography apparatus works
[5]. There is a tank with transparent bottom filled with liquid polymer resin, which
solidifies under UV light. A build platform is lowered into the resin, leaving space equal
to the layer height in between the build platform, or the last completed layer, and the
bottom of the tank. Then focused 405 nm laser light shines through the bottom of the tank
and cures a layer of photopolymer resin against it. The build platform then moves up out

of the resin, a wiper wipes across the surface of the tank to circulate resin and remove
clusters of semi-cured resin, and then the build platform lowers back down for the next
layer to be made [6]. Figure 2 illustrates a print being made in action.

Figure 2 - A part being printed using the Formlabs Form 2 SLA printer. The
yellow-green light at the bottom of the print is the laser curing a layer of
resin.

This kind of photopolymerization manufacturing technology is very important to
my and my group’s nuclear physics research. UNH Nuclear Physics Group (NPG)
focuses on performing experiments, which involve aiming a beam of high-energy
electrons at a polarized radioactive ammonia target (NH3 or ND3), which sits on a plastic
target stick. The stick is submerged into a ring-shaped superconducting electric magnet,
all surrounded by liquid helium at 1 Kelvin, which enables the superconductivity. The
electrons generally bounce off the target, penetrating the walls of the liquid heliumcontaining tank and into a very large and extremely expensive particle detector. But in
order for the beam to penetrate through both sides of the container and the target, and still
have enough energy left over to keep moving until it reaches the detector, the electron
gun emitting this beam must generate about 12 GeV of energy, which is very costly and
requires an enormous amount of power. A much less powerful beam of electrons can still
reach the target stick, even at around 10 MeV. Unfortunately, a beam of that energy
won’t go any further than the stick, so it will never reach the detector. So what this
research will attempt to do is use the modern advances in SLA printing technology to
find a way to simply 3D print a small, very inexpensive (as compared to the giant
detector currently used) polymer particle detector. This detector will basically be a
scintillator printed using Formlabs Form 2 3D printer and Clear resin, which will fit
neatly around the radioactive target, so that the data measurements can be done directly
from the target stick and inside the helium tank. This should in theory completely

eliminate the need for a large very expensive particle detector and a 12 GeV electron
beam, since only about 10 MeV will be sufficient.

Figure 3 – example of conventional extruded plastic scintillators, as used in some nuclear physics
experiments.

Methods
As already mentioned, the PMT is a very sensitive light measuring device, which
uses the photoelectric effect to turn a small number of photons from a scintillator into a
measurable current using a high voltage electron cascade to amplify the signal. Figure 4
[7] gives a good visual representation of the basics of PMT’s operation.

Figure 4 – Cross section showing the basic operational components of the PMT.

As mentioned earlier in this report, the photons that escape a scintillator strike a
metal photocathode. Then because of the photoelectric effect, a few electrons get ejected
from the surface of the cathode, as long as incident photons have at least enough energy
to overcome the work function of the metal. The work function φ is the minimum energy
needed to remove a valance electron from a conductor. Therefore, if a photon emitted
from the scintillator has more energy quanta (hf) than the work function, then the ejected
electron will have enough kinetic energy (Kmax) to leave the cathode and keep moving, as
dictated by the formula Kmax = hf – φ. These so-called primary electrons then get
attracted to the first of the many dynodes [8] in the PMT with the help of large potential
difference between the cathode and the anode at the other end. When hitting a dynode,
the primary electrons each knock out a few more secondary electrons from its surface,
multiplying the overall amount. The secondary electrons then once again get accelerated
by high voltage towards the next dynode, subsequently ejecting more electrons, which in
turn also eject electrons from the following dynode. The pattern continues with multiple
secondary electrons each knocking out more electrons, rapidly multiplying their numbers,
as the whole cascade moves toward the anode. So by the time the flow of electrons,
initially triggered by just a few photons, reaches the other end of the PMT, a substantial
enough current builds up to be then picked up and measured directly by an oscilloscope.
This way, each pulse of small electron current is plotted as a wave graph representing the
signal. The amplitude and frequency of this signal corresponds to the magnitude and
frequency of initial energy spikes detected by the scintillator.

Figure 5 – front and back of the photomultiplier tube. A solid metal shell protects the PMT from external light on
most sides. However, the lens on the front is still normally exposed.

Because the PMT is so sensitive to light, it can only operate inside of what’s called a dark
box, which is any lightproof case. If any external light were to get through when the tube
is in operation, it can potentially burn out. Therefore, the fist challenge that I overcame
during my research was designing and 3D printing a dark box for the PMT. The case was
printed using Formlabs’ Flexible resin, which was chosen because it is completely
opaque and stretchy enough to fit tightly around the apparatus, keeping it from moving
around. The tube housing consists of two parts – the main cylinder part for the PTM, and
a cap, that covers the light sensitive lens whilst keeping a scintillator test disk attached to
the lens. Figures 6 and 7 show my SolidWorks design of the setup.

Figure 6 – a SolidWorks cross-section view showing how the PMT fits inside the case.

Figure 7 – exploded view of the assembly, where copper cylinder represents the PMT

Figure 8 – the actual case and cap with the PMT inside

Figure 9 – Scintillator test print goes inside the cap

Figure 10 – printed disk as it
comes out of the printer

After the dark box was designed and 3D printed, the next step was to figure out the best
post processing method of making scintillator test prints as optically transparent as
possible. Initially prints don’t come out clear, only translucent, as shown in Figure 10.
Optical clarity is crucial for this project because otherwise not enough photons of light
will penetrate through the scintillator to the PMT, causing it to be inefficient at detecting
particles. To optimize optimal transparency, I 3D printed a set of 10 small disks using
Formlabs’ Clear resin cartridge to test multiple methods. Different levels of optical

transparency were achieved though different combinations of sanding, cerium oxide
polishing, and coating in resin. The disks were tested for transparency using a Linshang
LS162 Transmission Meter, which measures the transmission and reflection percentages
of various frequencies of light, as shown in figure 11.

Figure 11 – light meter with one of the test disks inserted.

This light meter works by shining pulses of light in the infrared (1,400 nm), visible (530
nm), and ultraviolet (365 nm) frequencies from transmitters on the bottom, though a
small slot and into detectors on top. The disk goes into the slot as shown and if it’s not
perfectly transparent, some light will be reflected and the rest will be transmitted to the
detectors. Results are displayed as percentages of transmission or reflection. Figure 12
shows a selection of test disks in front of some text, which clearly shows an increase in
transparency when looking from left to right. Note that the plastic arched strip is a
conventional scintillator, manufactured using standard methods mentioned earlier in this
report.
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Figure 12 – a comparison of different levels of transparency achieved through selected post-processing methods; light
transmittance increases from left to right.

By comparing all of the disks for transparency both visually and quantitatively, the
optimal post processing method was determined. A plot of light transmission versus
different methods was created to better show the trend. This plot is shown and further
discussed in the Results section of this report.
The final and perhaps the most important step in my research is mixing and
testing different recipes for making scintillators to determine which is the most efficient.
As mentioned earlier, a typical plastic scintillator, 3D printed or not, generally consists of
a few scintillating solids which are dissolved in a liquid polymer before the plastic
solidifies. In my case, the main ingredients were Naphthalene, 2,5-Diphenyloxazole
(PPO), 1,4-Bis(5-phenyl-2-oxazolyl) benzene (POPOP). These were mixed and dissolved
in Formlabs’ Clear resin and can in theory be printed into a working plastic scintillator.
However, this is not a simple process. The main issue is that depending on the amount of
each ingredient that gets dissolved, the finished product could turn out to be more or less
efficient at detecting high-energy particles. Currently there is only one other research
group in Israel that was able to successfully 3D print resin scintillators [4] using the SLA
3D printing method. Their best scintillator was only about
30% as efficient as commercial scintillators.
This research is attempting to continue first find a recipe that can at least match that 30%
efficiency that they got and then keep altering the recipe further to reach maximum
detection efficiency. As a first step, a set of 13 different recipes with different
percentages by weight of Naphthalene, PPO, and POPOP in each was created. This set
included one sample that matched the recipe used by Israeli research group to achieve
30% efficiency. The total resin volume, which will be used in each test print, was
estimated based on the fact that one needs about 3 times as much volume of resin as the
exact volume of a printed object in order for that print to be successful. This is because
that is just enough for the whole bottom side of the resin tank to be filled with resin deep
enough to print all the layers. This volume, which was about 75 mL, was weighted and
used to make all 13 samples; only the amount of solid ingredients change. The following
formula was derived to calculate the weights, or masses, of each ingredient in each of the
13 samples:
(%!"#!!!!"#$#!%!!"!%!"!"!)
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)]mtotal,

where mresin = the mass of the resin, %Naphthalene, %PPO, and %POPOP are the
percentages of each ingredient in a particular sample per total weight of the sample, mtotal.
See the Table 1 in the Appendix for the complete data table of all 13 samples and their
calculated weights. Once the table was set up, all the samples had to be thoroughly mixed
in with their solid ingredients before they can be printed. This is where the first challenge
of the mixing process began. Once the weight of each ingredient in the first sample was
measured out using an electronic balance and poured into a bottle, along with the proper
amount of resin, I had to figure out the right temperature at which to actually dissolve and
mix the ingredients with the resin. That temperature, which will also be the printing
temperature, has to be high enough so that scintillating chemicals stay fully dissolved, but
not so high that they decompose from overheating.

Sample

Mixing Spoons

Electronic Balance

Heater/
Mixer

Thermocouple
Figure 13 – the original mixing set-up.

To do this test, and because I’ve ended up measuring out the scintillating chemicals
wrong, I renamed Sample 1 to Sample 0 on the bottle and used this batch for all future
temperature tests so to not ruin samples used in the main experiment. After the right
mixing temperature was determined by means of heating Sample 0 using the Thermo
Scientific electric heater/mixer and stirring it with a small magnetic stirring rod, I was
ready to remake Sample 1 again, making sure to measure out the chemicals correctly. The
same set-up as shown above was used for Sample 1, which I began notice to be
problematic.
The first problem with this particular set-up that I noticed was that the portable electronic
balance that is shown in the picture above kept shutting off to save battery, and there is
no way to disable that function. This was making it very difficult to accurately measure

the weight of the chemicals because every time it would shut off and turned back on, the
balance would then set the weight of both the chemical powder and the container which
holds the powder as “zero”, making it very hard to keep track of the actual mass. This
occurred less than 60 seconds after each measurement. One way I tried to address this
problem was by constantly touching the metal plate to keep it from shutting off, which
was very inconvenient. Additionally, the balance only measured up to 100 grams, which
was not enough since often I needed to use a glass beaker, which alone weights over 100
grams, to measure out Naphthalene since the amount used didn’t fit into the small trays.
The final issue with the original balance was that it is totally flat with no wind shield, so
the small tray and chemical pile that goes into it is exposed to the constant airflow, which
means that some of the weight of the tray and powder can get diminished due to the lift
force from air current, making the sample of chemicals appear lighter on the scale. This
effect was especially pronounced while measuring out POPOP because of the tiny
quantity of it that is actually used and because the substance is very light and puffy in
nature, kind off resembling fiberglass. So clearly the balance needed to be replaced,
which is what I did. Starting with Sample 2, a new electronic balance will be used for this
project, as shown in Figure 14.

Figure 15 – the new weighing set-up used after Sample 1.
Figure 14 – the new electronic balance, with a
plastic enclosure to protect the small weights
from air current. Note that the metal weight in
the photo is used for calibration.

This electronic balance eliminated nearly all of the problems I’d been having. It measures
!
up to ! kg, which is more than enough for all the weight measurements even with the
beaker; it never turns off unless manually switched off so I can take my time adding more
of a given chemical without worrying that it will shut off suddenly and compromise the

measurements; and it also comes with a plastic box that surrounds the balancing plate, as
shown, which eliminated the airflow problem. So now I know that the weight
measurements I took when making Sample 2 are much more accurate than those made for
Sample 1 and, especially, Sample 0.
The next thing that was replaced was the heating equipment. The heating function
of the original heater/magnetic stirrer wasn’t heating the substance consistently and
would often shut down on it’s own for no apparent reason, even when the dial that turns
up the heat was clearly turned on to the maximum. After approximately an hour of
staying cold it would unexpectedly start heating again. Also, I noticed that each setting 18 on the dial does not actually correspond to any specific temperature, rather it just
inconsistently raises the heat the further the dial is turned; it would often overheat the
sample far higher than the correct mixing temperature determined earlier. Instead, a
heated pad that wraps around the container was used along with an Ink Bird temperature
controller, which controls the temperature by automatically shutting off the heater when
the desired temperature is reached. The new set-up is shown in Figure 16:

Figure 16 – the new heating/chemical mixing set-up,
with the heating strap wrapped around the bottle and
temperature controller set to 38°C with the probe inside
the sample.

To summarize this new method, the bottle containing resin and scintillation additives was
placed on top of the Thermo Scientific heater/stirrer. Then I inserted the bottle into a prewrapped silicone heating pad, pulling the pad up and slightly off the bottle to see what’s

going on at the bottom where the chemicals and the magnetic stirring rod are located.
Next, the thermometer probe was inserted into the liquid, so that the temperature
controller can monitor the temperature rise in the solution as it mixes. Because we are
dealing with light sensitive resin, which could start to solidify if exposed to too much
light, the top of the bottle must always be closed to prevent the light from getting in, even
when the probe is inserted. To address that issue, I took one of the bottle caps from
another bottle and drilled a hole through the center, just big enough to fit the probe but
not big enough for light to get through while mixing. This cap will be reused for every
sample when it is being mixed, and then at the end of the process the original cap with no
holes goes back on the bottle that was just mixed.
After the probe was inserted, I had to look though the little space of open glass I left
myself to make sure it is only in the liquid and not touching the bottom of the glass,
otherwise it will be measuring the temperature of the glass rather than the mixture. This is
shown in Figure 17.

Figure 17 – proper location of the temperature
probe.

Figure 18 – cap with the probe hole; to
be reused for mixing of all samples.

Once I’d established that the temperature probe is in the right place, the heater strap was
lowed all the way down so that it can heat the liquid inside. I turned on the stirrer and the
solution began to mix and heat.
Unfortunately, this is where I’ve hit my next problem. Despite having a temperature
controller and a better heater, the mixture still ended up overheating. The temperature
controller did shut off the heater when the probe read the desired temperature. However,
because of too much residual heat in the strap, which was far too hot, it continued heating
the liquid in the bottle even when power was cut off. The problem was that the probe
measures the temperature of the liquid, but not the heater strap, so it doesn’t stop heating
until the inside of the bottle, separated by a thick layer of glass and liquid, reached the
right temperature. At that point it was too late because the heater was far hotter than the

liquid temperature, so it can only dump all that heat into the bottle, by the laws of
thermodynamics, even when no more heat is being generated. Perhaps adding a second
probe, which would be attached to the heating strap itself would be a good thing to try
with the future experiments.
Another thing that I suspect also caused overheating was that the heater was wrapped
around the bottle too tightly. It also began smoking a lot when heated, which again was a
definitive sign that there was too much heat generated. I eliminated this issue by
unwrapping it completely and instead just set the bottle on top of the strap, as if it were a
regular hot plate. That way, even if the heater still overheats, most of that heat will
dissipate into the air, and only the small part of the strap that’s directly underneath the
bottle would heat up the liquid, and thus not overheating it. I did one test of this new
heater orientation (shown in Figure 19) using the experimental Sample 0, and it went
well.

Figure 19 – the newest heating/mixing set-up, with the heating strap
unwrapped.

The temperature rose much slower and in a controlled manner and only overshot by about
10 degrees Celsius. It is important to note that as concentrations of Naphthalene increase,
it will become necessary to increase the desired mixing temperature to compensate for
saturation effect. So in reality it is ok to heat these samples at higher temperatures than
was determined earlier (38°C), because that temperature was ideal only for samples with
low concentrations of Naphthalene (Naphthalene makes up the majority of solutes, with
concentrations of at least 15% by weight, compared to 1.5% and .08% for PPO and
POPOP, respectively. Therefore it has the greatest impact on saturation of the resin). As
long as the temperature doesn’t go past 217.97°C, Naphthalene’s boiling point (which it
never will during mixing, since the heater doesn’t even heat up that much), this
experiment determined that there shouldn’t be any problem with heating the mixtures up
to 60°C, without any noticeable adverse effects.

Another important thing to note is that after the mixture cools down, it tends to
recrystallize, which was especially the case with Sample 2 since it had a large
Naphthalene concentration. Each sample will have to be preheated until all the crystals
re-dissolve before being printed, and the Formlabs Form 2 SLA printer will have to be
switched to an experimental mode so that it can print without a resin cartridge and at a
much higher than standard temperature used for printing with Clear resin (31°C).

Figure 20 – a visual comparison
of freshly mixed sample and a
recrystallized one.

Results
The results section of this report is divided into 3 subsections: PMT dark box design
results, light transmittance testing results, and mixing results. Note that since none of the
13 samples mentioned in Methods have been printed/tested yet, there is no printing or
efficiency testing results; that will be done in the future.
PMT Dark Box Design Results
After I carefully designed a lightproof case using SolidWorks CAD software and then 3D
printed it using Formlabs Flexible resin, it was ready to be tested. The photomultiplier
tube was placed inside of its new 3D printed case and the cap was closed tightly. Then
the PMT was plugged into a high voltage power supply, which provides the very high
potential difference necessary to create that cascade of electrons that amplify the signal to
be read out by the computer. Then an oscilloscope was plugged into PMT’s second port
to scan the signal coming out of it. When everything was powered up, the tube seemed to
work as expected – showing a few random spikes in the signal plot from background
noise, so-called “dark current” which happens for every PMT whether or not a scintillator
is installed. Therefore that test successfully showed that the case I made indeed was
lightproof, yet it allowed charged particles to penetrate though and show up on the
oscilloscope. Now the PMT case can be used to shield the PMT from light when the

scintillator efficiency testing will be done.
Light Transmittance Testing Results
After printing and post processing all the test disks allowed by time constraints was
completed, a few results can be discussed. Using the Clear resin, initially 8 identical
small disks were printed. All have been assigned a Test Print number (1-8) and a
reference table (see Table 3 in the Appendix) indicating what post-processing method
goes with which test print. Then all disks but Test Print 1, which was the control test disk,
as well as 3 and 8 (time constraints), were post processed by various combinations of
sanding, cerium oxide polishing, and coating in resin and then curing in a Formlabs Form
Cure UV cure box. As mentioned in the Methods section, each disk was tested for light
transmittance using the light meter upon completion of its post-processing method. The
transmittance values were compared with Test Print 1 (resin control), as well as with
values measured with a standard scintillator. Based on all the light testing done so far, it
can be concluded that the best post-processing method is sanding then resin dipping,
which was done to Test Print 7 and resulted in a 100% infrared and visible light
transmission, which is better than the values measured using the control scintillator,
which were 95.5% and 99.75% transmission for IR and Visible, respectfully. Figure 21
gives a visual comparison between Test Print 7 and a plastic scintillator.

Figure 21 – a visual transparency comparison between Test
Print 7 (left) and a standard scintillator. If looked closely, it can
be noticed that the scintillator is slightly less transparent than
the resin disk, mostly due to scratches and other distortions on
its surface.

At the same time, Test Print 1, which was not post processed in any way other than
washing in Isopropyl alcohol and post curing, as required for all Formlabs prints, gave
the lowest transmission values of 47.95% for IR and 52.65% for visible light. Again, for
a complete table of light transmittance of different test prints, see Table 2 in the
Appendix section. One interesting finding that’s worth noting is that neither the test disks
nor the control scintillator transmitted any ultraviolet light. The plot below (Figure 22)
highlights these findings.

Figure 22 – plot of a selected post-processing methods versus transparency. Note that UV light was not
transmitted through any of the test disks used.

Figure 23 – clear resin test disk, with no post-processing done on
it; just as it comes out of the printer, after having been washed in
IPA and post cured.

After these initial tests were done, I decided to add two more test disks (#s 9 and 10) to
the list in order to see the effect of overcuring a disk in the UV chamber. The idea here is
that resins tend to become yellowed with longer UV exposure, with the material
eventually beginning to resemble an amber color, given enough time in the cure box. I
hypothesized that this yellowing effect could hinder light transmittance. After printing, a
new disk labeled Test Print 9 was overcured in the UV curing box for 12 hours on each
side, for a total of 24 hours for the entire disk. After that, the disk was tested using the
light meter and the results show that indeed my hypothesis was correct – the transmission
of IR dropped to 43.5% as compared to the control print (Test Print 1), which had a
47.95% IR transmission, which is a 4.45% transmission loss. As for visible light, the over
cured Test Print 9 only transmitted 51.5% of the light, which is 1.15% drop compared to
the control value of 52.65% transmission. Again, no UV light was transmitted through
the disk. Test Print 10 was supposed to also be overcured for 24 hours and tested for
transmission of IR and Visible, but only after being polished with cerium oxide, which
has not yet been completed. Nevertheless, it is safe to say that the overall change in light
transmission due to yellowing from UV overexposure, as observed with Test Disk 9, is
significant enough to conclude that overcuring the Clear resin has a negative effect on
optical clarity. At the same time, all the other methods seem to clearly improve it.
Mixing Results
Due to time constraints, there are not many results generated so far in this project with
mixing. The majority of this process is discussed in the Methods section, so it should be
referred to for more information. In order for printing scintillators to be successful, the
right temperature must be maintained whist the solid ingredients are dissolved into the
resin. For samples with low concentration of Naphthalene, or specifically 15% by weight,
that temperature was determined to be about 38°C or slightly higher. But for samples
with Naphthalene concentration greater than 15% it’s best to heat the mixture to a higher
temperature (~40-60°C) to insure proper dissolution of all the solids. It was also
determined that the best way to accurately measure out each chemical in a sample is to
use an electronic balance with no power save/automatic shut off function, and that can
weigh up to at least 500 grams in .01 g increments for maximum precision. It is also best
to use a balance that has some kind of an enclosure surrounding the balancing plate, so
that the airflow in the fume hood doesn’t interfere with the measurements. I thought it
useful to use a medium size beaker to weigh out the Naphthalene first, because it
comprises the majority of all solid ingredients and take up a lot of space. It is also
important to use a wide neck funnel when pouring the chemicals into the bottle so that it
doesn’t clog.
One major problem that was overcome, as discussed in the Methods section, was
overheating. To prevent that, the set-up with the heating pad rolled out and placed under
the bottle will be used from now on, as shown in Figure 19. This prevents too much heat
from going into the sample and is easier to control the temperature. Lastly, the substance
will recrystallize after it’s been mixed and cooled due to super-saturation, so each sample
will have to be preheated again until all the solid crystals re-dissolve before it can be
printed, which will also have to be done at a temperature between 38°C and 60°C,
depending on Naphthalene concentration.

Conclusion/Future Research
The next step of this research is to mix the rest of the recipes using the technique
described and 3D printing them to be tested for scintillation efficiency. I plan to
continue altering the recipes further to reach maximum detection efficiency
possible. At the same time two more post-processing methods for optical clarity,
which are sanding then polishing and all three - sanding, polishing, and resin
dipping, still need to be tested on Test Prints 3 and 8. In addition, I still need to
see what kind of an effect on clarity does overcuring have on a polished disk as
opposed to just printed, which will be done on Test Print 10. Overall, during my
research, a new and more practical dark box was designed for the photomultiplier
tube, many post-processing methods were tested to find the best way of making
Clear resin transparent, and a major foundation has been laid for the mixing
process.
Although from what was done so far it is unclear when exactly it will be
possible to directly 3D print scintillator detectors or how effective they will be,
but what is clear is that all of the accomplishments made by my work will
certainly deeply contribute to better understanding of the process and therefore
serve as a major lift in that direction.
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Appendix
Table 1 - Sample Scintillator Recipes
Kind

Approximate volume
Approximate mass equivalent used
needed
(in all samples)
Clear
≈ 75 mL
≈ 76.5 g
Sample
Naphthalene
PPO
POPOP
% By weight
Mass
% By weight
Mass
% By weight
Mass
Resin Info:

1
2
3
4
5
6
7
8
9
10
11
12
13

15
25
25
35
45
55
65
75
15
25
35
45
55

13.7557 g
26.0488 g
26.1378 g
42.554 g
65.3598 g
96.947 g
150 g
250.546 g
13.8838 g
26.063 g
42.4125 g
65.1002 g
98.6981 g

1.5
1.5
1.75
2
2.25
1.5
1.75
2
2.25
1.5
1.75
2
2.25

1.3756 g
1.5629 g
1.8296 g
2.4317 g
3.268 g
2.644 g
4.03846 g
6.6812 g
2.08256 g
1.5638 g
2.1206 g
2.8933 g
4.03765 g

.08
.08
.08
.08
.08
.1
.1
.1
.1
.12
.12
.12
.12

.07336 g
.08336 g
.08364 g
.09727 g
.1162 g
.1763 g
.2308 g
.3341 g
.09256 g
.1251 g
.1454 g
.1726 g
.2153 g

Table 2 - Scintillator Light Transmission Data for Various Post-Processing Methods
Test Print #

IR Light
Transmission (%)

Visible Light
Transmission (%)

UV Light
Transmission (%)

1
2
3
4
5
6
7
8
9
10

47.95
69.5
TBD
94.6
92.45
100
100
TBD
43.5
TBD

52.65
60.8
TBD
97.15
93.8
94.7
100
TBD
51.5
TBD

0
0
TBD (0 most likely)
0
0
0
0
TBD (0 most likely)
0
TBD (0 most likely)

Table 3 - Reference Table
Test Print #

What It Means

1
2
3
4
5
6
7
8
9
10

Just printed
Sanded only
Sanded then polished
Polished only
Resin dipped only
Polished and then resin dipped
Sanded then resin dipped
Sanded and polished, then resin dipped
Printed and overcured
Polished and overcured

